Summary.-Multicellular tumour spheroids of the EMT6 mouse tumour line have been grown in a static (i.e. non-spinner) culture system to a mean spheroid diameter of 250 ,um. Samples of spheroids were then exposed for 1 h to graded concentrations of various cytotoxic drugs, and the response assayed by both growth delay and survival of clonogenic cells. For nitrogen mustard (HN2), melphalan, BCNU, CCNU and cis-platinum, a considerable recovery in measured cell survival was seen if the clonogenic assay was delayed for 24 h after drug exposure. A reasonably good correlation between growth delay and cell survival (measured at 24 h) was observed for these 5 agents. For adriamycin, actinomycin D and 5-fluorouracil, no increase in measured cell survival was seen for a 24h delay in assay, and these agents produced longer growth delays for a given level of cell kill.
RESPONSE TO CHEMOTHERAPY OF EMT6 SPHEROIDS AS
MEASURED BY GROWTH DELAY AND CELL SURVIVAL Summary.-Multicellular tumour spheroids of the EMT6 mouse tumour line have been grown in a static (i.e. non-spinner) culture system to a mean spheroid diameter of 250 ,um. Samples of spheroids were then exposed for 1 h to graded concentrations of various cytotoxic drugs, and the response assayed by both growth delay and survival of clonogenic cells. For nitrogen mustard (HN2), melphalan, BCNU, CCNU and cis-platinum, a considerable recovery in measured cell survival was seen if the clonogenic assay was delayed for 24 h after drug exposure. A reasonably good correlation between growth delay and cell survival (measured at 24 h) was observed for these 5 agents. For adriamycin, actinomycin D and 5-fluorouracil, no increase in measured cell survival was seen for a 24h delay in assay, and these agents produced longer growth delays for a given level of cell kill.
THE MULTICELLULAR tumour-spheroid model system, in which cells grow in vitro as 3-dimensional aggregates, represents an intermediate level of complexity between cells growing as monolayers in vitro and solid tumours in experimental animals (Suitherland & Durand, 1976; Yuhas et al., 1977) . Recent studies have demonstrated that the relationship between tumour growth delay and clonogenic cell survival after radiotherapy (McNally & de Ronde, 1980) or chemotherapy of animal tumours is very complex. Especially in the case of chemotherapy, in which the treatment is given systemically, alteration of the host may have an important role in the determining of the response of the in situ tumour (Brown, 1979) . Using the spheroid model system, however, it is possible to study the relationship between growth delay and cell survival in the absence of these host effects. In this paper, experiments are described in which the response to a range of cytotoxic drugs has been studied in spheroids of the EMT6/ Ca/VJAC mouse tumour cell line.
MATERIALS AND METHODS
The cells used in these studies were of the EMT6/Ca/VJAC subline of the EMT6 mouse tumour described initially by Rockwell et al. (1972) . (This subline has previously been designated EMT6/VJ/AC but has been redesignated to conform with a convention agreed amongst users of the EMT6 system.) This line is maintained by successive growth as a solid tumour in mice of the BALB/c strain and as a monolayer in vitro. Cells used for spheroid initiation in these studies were taken from the 2nd to the 6th in vitro passage since previous in vivo growth.
The medium used throughout was Eagle's MEM with Earle's salts, supplemented witlh 10% foetal calf serum (both Gibco Biocult Ltd) with antibiotics. Our technique for initiation and growth of spheroids was closely based on that of Yuhas et al. (1977) . Tissueculture flasks (75 em2, Sterilin Ltd), plastic universal containers (Sterilin Ltd) and plastic tissue-culture multidishes (Linbro) were prepared with a base-coat of complete medium containing 0.75%o Noble Agar (Difco). Volumes of agar-containing medium were 10 ml in 75cm2 flasks, 2 ml in universal tubes, and The experimental protocol for spheroid growth and drug response experiments is summarized in Fig. 1 . To initiate spheroid growth, 5x 105 cells, trypsinized from a monolayer, were placed in a volume of 15 ml of complete medium into each agar-coated 75 cm2 flask. The flasks were gassed with 5% CO2 in air and incubated at 370 C for 4 days.
The liquid medium containing the growing spheroids was then removed with a pipette and placed into a plastic universal tube. After a few minutes, the bulk of the medium was removed, leaving the spheroids at the bottom of the tube in a volume of about 0 5 ml of residual medium. The spheroids were then resuspended in 15 ml of fresh medium and transferred to a new agar-based flask (the original flask was not re-used because of the presence of a monolayer of cells on the base of the flask below the agar. These were the progeny of cells which had passed down the side of the agar at the initial inoculation). Next day this process was repeated, with the difference that the resuspended spheroids were replaced into the flask from which they had been taken. Spheroids were then used on Day 6 for drug treatment.
Spheroids from 2-3 flasks were pooled and a number of glass universal tubes were prepared, each containing 5 x 103 spheroids, mean diameter 250 ,tm (see Results section) in 10 ml of fresh medium. Cytotoxic drugs were added to the tubes in volumes of between 0 04 and 0-2 ml. The drugs and solvents used are shown in Table I difference between the times for the treated group and the control group to reach twice its own mean initial diameter. In general, growth delays of more than 10 days were not seen, but in groups which did not regrow, the spheroids remained intact at around the initial volume for at least 20 days. Selected growth delays for all drugs studied are shown in Table II .
Cell survival
For 5 of the agents studied (HN2, BCNU, CCNU, MELPH and CIS-P) the survival curves had similar shapes, with an initial shoulder giving way to an exponential fall. In each case, delay of disaggregation by 24 h led to a marked reduction in the slope of the curve. The data for 2 experiments using MELPH are shown in Fig. 4 . Interpolated values, read off from best lines fitted by eye to the data for these 5 agents, are shown in Table III n.qJ were generally within a factor of 2 of each other.
Methods of disaggregation
Survival curves for immediate disaggregation were obtained after HN2, ADM and BCNU, using either trypsin or neutral protease as the enzyme. In each case the results obtained appeared independent of the enzyme used, and the plating efficiency for cells from untreated spheroids was similar: between 55 and 70%.
Comparison of endpoints
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FIG. 7.--As Fig. 6 , but disaggregation and assay carried out 24 h after drug exposure.
between endpoints, the data for spheroid growth delay have been plotted against the measured cell survival, either immediately after drug treatment (Fig. 6) or with a 24h delay in disaggregation (Fig. 7) . In each case, lines have been drawn to indicate where the points would be expected to lie for various values of the doubling time (TD) of surviving clonogenic cells, using the relationship TD= log 2 x growth delay -log surviving fraction'
It is assumed that (a) proliferation of surviving clonogenic cells begins immediately after treatment, (b) the surviving cells maintain the given doubling time until the time at which the extrapolation backwards of the regrowth crosses the initial mean diameter, and (c) the growth kinetics during the period between the time at which the extrapolation backwards of the regrowth curve crosses the initial mean diameter and the time of reaching twice the initial mean diameter are the same as those in untreated Fig. 3) . In Fig. 6 , it may be seen that there is a clear separation between the points for ACT-D, ADM and 5FU and those for the other 5 agents studied. For the first 3 agents, growth delays of 4-8 days are associated with less than 1 log of cell killing, resulting in calculated doubling times > 48 h. For BCNU and CCNU, on the other hand, indicated doubling times of less than 6 h are obtained at low doses and 6-12 h at higher doses. For CIS-P and MELPH, values generally lie at 6-12 h, whereas for HN2 a doubling time of 12-18 h is indicated.
When surviving fractions are measured at 24 h after drug treatment (Fig. 7) , it is still apparent that ACT-D, ADM and 5FU produce longer growth delays for a given amount of cell kill than do the other drugs. For the other 5 agents, however, the points have all moved towards longer indicated doubling times because of the higher measured values of cell survival with delayed assay. There are now very few points to the left of the line corresponding to a doubling time of 12 h and the great majority of points lie between the lines corresponding to doubling times of 12 and 24 h, with a tendency towards larger doubling times for smaller surviving fractions.
DISCUSSION
The description by Yuhas et al. (1978) of how spheroid growth delay in a static (i.e. non-spinner) culture system can be used as a response endpoint has opened up many interesting applications of multicellular tumour spheroids in vitro. This is especially true in view of a number of observations that a wide variety of tumour cell types of both animal and human origin will grow in this way (Yuhas et al., 1977; Haji-Karim & Carlsson, 1978) . It is important, however, to consider how this growth delay endpoint is related, for various agents, to the level of survival of clonogenic cells.
It is clear from these results that for the EMT6 spheroid system, as it is for the EMT6 solid murine tumour, time of assay is an extremely important factor in the measurement of cell survival and that apparent "recovery from potentially lethal damage" occurs after treatment with various cytotoxic drugs (Twentyman, 1979; Begg et al., 1980) . The possibility that this effect in the solid tumour may be in some way dependent on the presence of host cells within the tumour can now however be discarded. The possibility remains that the surviving fractions measured immediately after drug treatment are artificially low, owing to an interaction between drug and trypsin damage. The fact that similar values of cell survival are obtained using either trypsin or bacterial neutral protease disaggregation would, however, argue against this idea. Bacterial neutral protease has been seen to cause much less damage to the cell membrane than conventional trypsin regimes (Matsumara et al., 1975) . From the data presented in Fig. 6 , the calculated doubling times for many of the points are unrealistically short. Doubling times for various sublines of EMT6 cells in exponential culture have been in the region of 12-4 h (Twentyman et al., 1975; Begg et al., 1980) and it seems unlikely that the doubling times in regrowing spheroids would be any shorter than this. It appears, therefore, that the surviving fractions measured immediately after drug treatment do not, for many drugs, reflect the degree of damage which determines the regrowth of intact spheroids. If however measurement of cell survival is delayed until 24 h after drug treatment, the calculated doubling times become more reasonable (Fig. 7) , most points for BCNU, CCNU, CIS-P, MELPH and HN2 corresponding to values of [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] h. There appears to be a tendency for the indicated doubling time to increase at lower levels of survival, and to be very short when killing is only by one order of logs. This is what would be predicted if the growth kinetics of regrowing spheroids did not return to control patterns until they were considerably larger than the treatment size and it supports the idea of Stephens & Peacock (1977) that this is what happens in at least some mouse tumours after drug treatment. Despite these limitations, however, the data in Fig. 7 show a reasonably good correlation between growth delay and cell survival measured at 24 h for the 5 drugs mentioned above. For ACT-D, 5FU and ADM the indicated doubling times are longer than for the other agents. The results of Begg et al. (1980) for the EMT6/ SF solid tumour led to a similar conclusion for ACT-D and 5FU. In that work, drug effects upon the tumour-bearing host were mentioned as a possible complicating factor, but this is clearly not a consideration in the spheroid model. An additional explanation is that these agents (and ADM) are able to produce considerable cell-cycle delay in addition to cell killing. That this is true for ADM is strongly supported by observations in other tumour systems (Dethlefsen et al., 1979; Rowley et al., 1979) .
These studies are at present being extended to other tumour cell lines which will grow both as colonies from single cells and as spheroids in static culture, in order to see whether the conclusions reached for the EMT6 system are generally applicable. At the same time we are trying to initiate spheroid growth from clinical tumour material, with the eventual objective of using spheroid growth delay as an assay for chemosensitivity.
